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The requirement for alternative splicing during adipogenesis is poorly understood. The Sam68 RNA binding protein is a known
regulator of alternative splicing, and mice deficient for Sam68 exhibit adipogenesis defects due to defective mTOR signaling.
Sam68 null preadipocytes were monitored for alternative splicing imbalances in components of the mTOR signaling pathway.
Herein, we report that Sam68 regulates isoform expression of the ribosomal S6 kinase gene (Rps6kb1). Sam68-deficient adi-
pocytes express Rps6kb1-002 and its encoded p31S6K1 protein, in contrast to wild-type adipocytes that do not express this iso-
form. Sam68 binds an RNA sequence encoded by Rps6kb1 intron 6 and prevents serine/arginine-rich splicing factor 1 (SRSF1)-
mediated alternative splicing of Rps6kb1-002, as assessed by cross-linking and immunoprecipitation (CLIP) and minigene
assays. Depletion of p31S6K1 with small interfering RNAs (siRNAs) partially restored adipogenesis of Sam68-deficient preadi-
pocytes. The ectopic expression of p31S6K1 in wild-type 3T3-L1 cells resulted in adipogenesis differentiation defects, showing
that p31S6K1 is an inhibitor of adipogenesis. Our findings indicate that Sam68 is required to prevent the expression of p31S6K1
in adipocytes for adipogenesis to occur.

Src-associated substrate during mitosis of 68 kDa (Sam68) is an
RNA binding protein that belongs to the conserved STAR (sig-

nal transduction activator of RNA) family (1, 2). Sam68 is a se-
quence-specific RNA binding protein that binds repeats of U(U/
A)AA sequences in single-stranded RNA (3, 4). The binding of
Sam68 near alternative splice junctions in pre-mRNAs has been
shown to regulate splice site selection and regulate the usage of
alternative exons (1). Sam68 promotes the inclusion of CD44 vari-
able exon 5 (v5), and interaction of Sam68 with SND1 (staphylo-
coccal nuclease domain 1) enhances v5 inclusion (5, 6). The alter-
native splicing of Bcl-x is regulated by Sam68 and its interaction
with hnRNPA1 and FBI-1, affecting prosurvival and apoptotic
pathways (7, 8). Sam68 regulates the epithelial-to-mesenchymal
transition by decreasing the presence of an alternative serine/ar-
ginine-rich splicing factor 1 gene (Srsf1) transcript degraded by
nonsense-mediated mRNA decay (9). Sam68 has been shown to
regulate alternative splicing of mRNAs during neurogenesis (10)
and in cerebellar neurons (11). Stimulation of cerebellar neurons
using the glutamate receptor agonist kainic acid was dramatically
attenuated without Sam68, indicating that Sam68 is required for
activity-dependent alternative splicing of Nrxn1 in vivo (11).

The role of Sam68 in alternative splicing has implications for
spinal muscular atrophy (SMA) and fragile X-associated tremor/
ataxia syndrome (FXTAS). Sam68 promotes the skipping of exon
7, leading to a nonfunctional SMN2 protein, and it was shown that
the inhibition of Sam68 enhanced exon 7 inclusion in endogenous
SMN2 and increased survival motor neuron (SMN) levels in SMA
patient cells (12). Expanded CGG repeats in the 5= untranslated
region (UTR) of the FMR1 gene causes FXTAS, and Sam68 asso-
ciation with these repeats in RNA aggregates blocks it from fulfill-
ing its splicing functions (13). The inhibition of Sam68 phosphor-
ylation prevents Sam68 from aggregating with RNA, suggesting
that it may be a therapeutic option for FXTAS patients (13).

Sam68 null mice have revealed numerous unexpected physio-
logical roles for Sam68. Male Sam68�/� mice are infertile, with
defects in spermatogenesis, a process where Sam68 has been
shown to regulate alternative splicing (14) and the polysomal re-
cruitment of specific mRNAs in germ line cells (15). Ablation of

Sam68 leads to increased energy expenditure, decreased numbers
of early adipocyte progenitors, and defective adipogenic differen-
tiation, resulting in mice having a lean phenotype protected
against dietary-induced obesity (16). The lack of Sam68 results in
mTOR (mammalian target of rapamycin) intron 5 retention and
the production of a short transcript (named mTORi5), leading to
reduced mTOR protein levels, which results in defects in insulin-
stimulated S6 and Akt phosphorylation (16).

mTOR signaling plays a major role in the regulation of mRNA
translation, cell growth, metabolism, and autophagy (17–19). The
tuberous sclerosis complex (TSC; tuberous sclerosis 1 and 2 het-
erodimer) acts as a GTPase-activating protein (GAP) on the Ras-
like protein Rheb, which activates the mTOR complex 1
(mTORC1) (20–22), and PRAS40 (proline-rich Akt substrate of
40 kDa) is an inhibitory mediator of mTORC1 signaling. The
phosphorylation and inhibition of the TSC and PRAS40 by the
upstream kinase Akt (serine/threonine protein kinase B) activate
mTORC1 signaling (23–25). Activated mTOR signaling results in
phosphorylation of 4EBP1 (initiation factor 4E-binding protein
1) and S6K1 (S6 kinase 1) (18, 19, 26). Active S6K1 phosphorylates
the 40S ribosomal protein S6, thereby facilitating mRNA transla-
tion, while phosphorylated 4EBP1 promotes the release of eIF4E
(eukaryotic translation initiation factor 4E) and initiates transla-
tion (26).

In the present manuscript, we identify Sam68 as an RNA bind-
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ing protein that prevents the production of the alternative short
isoform of Rps6kb1, encoding p31S6K1, in mouse preadipocytes
and white adipose tissue (WAT). The binding of Sam68 to an
Rps6kb1 intronic RNA sequence counteracted the alternative
splicing effects of the SR protein, SRSF1. Expression of p31S6K1 in
preadipocytes inhibited differentiation, while the depletion of
p31S6K1 in Sam68-deficient preadipocytes partially restored the
adipogenic differentiation defects in a p70S6K1-independent
manner. Our findings show that Sam68 is a regulator of Rps6kb1
alternative splicing during adipogenesis.

MATERIALS AND METHODS
Alternative splicing assessment and real-time PCR. Total RNA was iso-
lated using TRIzol reagent according to the manufacturer’s instructions
(Invitrogen). Four micrograms of RNA was incubated at 65°C for 5 min
and then at 42°C for 1 h with 100 pmol of oligo(dT) primer and 100 U of
Moloney murine leukemia virus (M-MLV) reverse transcriptase (catalog
no. M1701; Promega) according to the manufacturer’s protocol. cDNAs
were then amplified by PCR. Endogenous Rps6kb1 and Rps6kb1-002 were
amplified with the common forward primer 5=-GCA ATG ATA GTG
AGG AAT GCT AAG-3= located in exon 5. The reverse primer for Rps6kb1
was 5=-GCT GTG TCT TCC ATG AAT ATT CC-3= located in exon 6, and
for Rps6kb1-002 the reverse primer was 5=-GAA TAG GAG GGC AGA
TCC CAT CC-3= located in exon 6b. For TSC1 and TSC1-003 amplifica-
tion, the common forward primer 5=-GTG GAA GAC ATT AGA AAC
TCA TG-3=was used. The reverse primer sequence for TSC1 was 5=-AGG
TGG ACT GAA CAA CAT CAG C-3=, and for TSC1-003 it was 5=-TCA
ACT ACA AGT AGT ATG TTA TG-3=. The common forward primer for
TSC1 and TSC1-006 amplification was 5=-GTG GAA GAC ATT AGA
AAC TCA TG-3=. The reverse primer sequence for TSC1 was 5=-AGG
TGG ACT GAA CAA CAT CAG C-3=, and for TSC1-006 it was 5=-ACC
CAG CGG TCC ACA CTG ATT TG-3=. For Rheb and Rheb-002 amplifi-
cation the common forward primer 5=-GAA AGT CCT CAT TGA CAA
TTC AG-3= was used. The reverse primer sequence for Rheb was 5=-CTG
CCC CGC TGT GTC TAC AAG C-3=, and for Rheb-002 it was 5=-GTG
AGT GTC AGC CCT CAC TCT AC-3=. Endogenous Rheb and Rheb-003
were amplified with the common forward primer 5=-GAT CAG CTA TGA
AGA AGG AAA GGC-3=. The reverse primer sequence for Rheb was 5=-
TTG GAC AGA GTC AGA CGT TAA C-3=, and for Rheb-003 it was
5=-CAT CAC CGA GCA CGA AGA CTT TC-3=. For Akt1 and Akt1-003
amplification, the forward primer sequence for Akt1 was 5=-GGA GGG
CTG GCT GCA CAA ACG AG-3=, and that for Akt1-003 was 5=-GCC
GCT GCG TGA CCT TGG GTG G-3=. The common reverse sequence for
both Akt1 and Akt1-003 was 5=-CCG CTC TGT CTT CAT CAG CTG
GC-3=. For Rps6kb1 and Rps6kb1-005 amplification, the common forward
sequence used was 5=-TCT CAG AAA CTA GTG TGA ACA G-3=. The
reverse primer sequence for Rps6kb1 was 5=-CAC TGA GAT ACT CGA
GGA TGA GG-3=, and for Rps6kb1-005 it was 5=-ATT AAG ATA TAG
CAT AGA GTG AG-3=. For Deptor and Deptor-002 amplification, the
common forward primer 5=-ATT GTT GGT GAC GCA GTT GGC TG-3=
was used. The reverse primer sequence for Deptor was 5=-AGA TAT GTA
ACC TGG TTC TTC CAC-3=, and for Deptor-002 it was 5=-ACC CAC
CTT CCC TCC CAT TAG GTC-3=.

For real-time reverse transcription-PCR (RT-PCR), mouse Rps6kb1
was amplified with 5=-CGT GGA GTC TGC GGC G-3= (located in exon 1)
and 5=-CAT ATG GTC CAA CTC CCC CA-3= (located in exon 2), mouse
Rps6kb1-002 was amplified with 5=-TAT GCC TTT CAG ACC GGA
GG-3= (located in exon 5) and 5=-ACC TCC CTA AGA CTG CAC CT-3=
(located in exon 6b), 18S rRNA was amplified with 5=-GTA ACC CGT
TGA ACC CCA TT-3= and 5=-CCA TCC AAT CGG TAG TAG CG-3=,
C/EBP� was amplified with 5=-CGC AAG AGC CGA GAT AAA GC-3=
and 5=-GCG GTC ATT GTC ACT GGT CA-3=, GLUT4 was amplified
with 5=-TCG TGG CCA TAT TTG GCT TTG TGG-3= and 5=-TAA GGA
CCC ATA GCA TCC GCA ACA-3=, peroxisome proliferator-activated
receptor � (PPAR�) was amplified with 5=-GAA CGT GAA GCC CAT

CGA GGA C-3= and 5=-CTG GAG CAC CTT GGC GAA CA-3=, as previ-
ously described (27), and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) was amplified with 5=-AGC CAC ATC GCT CAG ACA C-3=
and 5=-GCC CAA TAC GAC CAA ATC C-3=. Sam68 was amplified with
5=-GTG GAG ACC CCA AAT ATG CCC A-3= and 5=-AAA CTG CTC
CTG ACA GAT ATC A-3=. Moreover, primers for mouse GAPDH,
Sam68, C/EBP�, and PPAR� were purchased from Qiagen (Valencia,
CA). Real-time quantitative RT-PCR (RT-qPCR) was performed on a
7500 Fast real-time PCR system (Applied Biosystems, Foster City, CA)
using SYBR green PCR Mastermix (Qiagen, Valencia, CA). The primer
efficiency test using dilutions confirmed that the efficiencies were close to
1.0 for PPAR�, C/EBP�, GLUT4, GAPDH, and 18S rRNA.

Plasmid constructions. The GFP-Sam68 expression vector encoding
an N-terminal green fluorescent protein (GFP) was described previously
(28). The GFP-SRSF1 expression vector was obtained from Addgene (cat-
alog no. 17990; Cambridge, MA). Gene Rps6kb1 exon 6, intron 6, and
exon 7 were amplified from mouse genomic DNA by PCR using the for-
ward primer 5=-GGG GGA TCC GGA GGA GAA CTA TTT ATG CAG
TTA-3=, containing a BamHI site, and the reverse primer 5=-GGG CTC
GAG CTT GGT GAT TAA GCA TGA TGT TCT-3=, containing an XhoI
site. The DNA fragment was then subcloned in the corresponding site of
pcDNA3.1 containing a FLAG epitope tag. The mutation of the Sam68
binding site (SBS) in intron 6 of the minigene was performed in a two-step
PCR using primers 5=-ATG ATT CAT GTA ATT CCA AGC AAA ACC
ACC TT-3= (forward primer) and 5=-AAG GTG GTT TTG CTT GGA
ATT ACA TGA ATC AT-3= (reverse primer). The plasmids encoding
full-length p31S6K1 were purchased from IDT and subcloned in
pcDNA3.1. An expression vector encoding p31S6K1 was kindly provided
by Rotem Karni (Hebrew University-Hadassah Medical School). The
common forward primer for RT-PCR and RT-qPCR detection of the
Rps6kb1 minigene transcripts was F1 (5=-GAT TAC AAG GAT GAC GAC
GAT AAG-3=). The reverse primers for RT-PCR detection were as follows:
R1, 5=-AGG ATG GAG GGT GTG TCC TAG AGG-3=; R2, 5=-CTT GGT
GAT TAA GCA TGA TGT TCT-3=. The reverse primers for RT-qPCR
detection were the following: R3, 5=-CAA TTC AAG GAA ATT CTG CAG
TG-3=; R4, 5=-GCC ATG GAG ATT TCA GCC AAG-3=.

Synthetic RNA oligonucleotides. The RNA oligonucleotides with 3=
biotin tags were synthesized and purchased from IDT. The sequences of
these oligonucleotides are as follows: Rps6kb1-SBS, 5=-CAU GAU UCA
UGU AAU UAA AAG CAA AAC CAC CUU C-3=-biotin; Rps6kb1-
SBSmut, 5=-CAU GAU UCA UGU AAU UCC AAG CAA AAC CAC CUU
C-3=-biotin.

Preadipocyte differentiation and WAT. Sam68-deficient 3T3-L1
cells were generated using pRetrosuper harboring a short hairpin RNA
(shRNA) targeting Sam68 (Sam68sh), and pRetrosuper 3T3-L1 cells were
used as a control, as described previously (16). Preadipocyte 3T3-L1 adi-
pogenic differentiation was performed as described previously (29). The
cells were fixed with 3% formaldehyde and 0.025% glutaraldehyde and
incubated with Oil Red O solution (Sigma-Aldrich, St. Louis, MO). Cell
extracts were prepared and analyzed as described previously (16). Anti-
bodies for Sam68 (Millipore), p70 S6K (BD Transduction Laboratories,
Cell Signaling), GFP (Roche), SRSF1 (Santa Cruz), FLAG M2, �-actin,
and �-tubulin (Sigma) were purchased.

Stable 3T3-L1 clones overexpressing p31S6K1 were generated as fol-
lows. Cells were transfected with either pcDNA3.1 or pcDNA3.1 FLAG-
p31 plasmid constructs. At 48 h posttransfection, G418 was added to the
medium, and individual clones were selected several weeks later. The ex-
pression level of p31S6K1/FLAG was assessed by immunoblotting.

RNA interference and transfection. The following siGENOME
SMARTpool small interfering RNAs (siRNAs) were ordered from Dhar-
macon/Thermo Scientific: human KHDRBS1 (Sam68) (catalog no.
M-020019-00-0010), mouse KHDRBS1 (Sam68) (catalog no. M-065115-
01-0010), human SRSF1 (catalog no. M-018672-00-0005), and mouse
SRSF1 (catalog no. M-040886-01-0005). Mouse RPS6KB1 (p70/p31)
siGENOME set of four siRNAs (catalog no. MQ-040893-02-0002) was
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ordered from Dharmacon/Thermo Scientific. The following siRNAs were
also ordered from Dharmacon/Thermo Scientific: mouse p31 siRNA-A
sense sequence (5=-GCU CUU CAC UGC AGA AUU UUU-3=) and anti-
sense sequence (5=-AAA UUC UGC AGU GAA GAG CUU-3=), mouse
p31 siRNA-B sense sequence (5=-ACA CAG AAG CUG CAU UUA AUU-
3=) and antisense sequence (5=-UUA AAU GCA GCU UCU GUG UUU-
3=), and siRNA targeting GFP (siGFP) sense sequence (5=-AAC ACU
UGU CAC UAC UUU CUC UU-3=) and antisense sequence (5=-GAG
AAA GUA GUG ACA AGU GUU UU-3=).

For siRNA transfections, typically cells were plated in six-well plates
and transfected with 100 nM siRNA using Lipofectamine RNAiMAX
(siRNA), as recommended by the manufacturer (Invitrogen). HEK293
cells plated in six-well plates were transfected using Lipofectamine 2000.
Each well received a total of 5 �g with GFP-SRSF1 (0, 0.25, 1, and 2 �g),
GFP-Sam68 (1 �g), and 2 �g of the indicated minigene; an empty vector
was used to compensate the amount of transfected DNA in Fig. 7C and D.

RNA binding assays. 3T3-L1 cells were lysed in 1 ml of cell lysis buffer
(20 mM Tris-HCl, pH 8.0, 150 mM NaCl, 1% Triton X-100, 40 units/ml
RNaseOUT, supplemented with Roche Complete Mini, EDTA-free pro-
tease inhibitor) and incubated for 15 min at 4°C. Lysates were cleared by
centrifugation, and 5 �l of 100 �M biotinylated RNA was added to the
lysates and incubated at 4°C for 60 min with constant end-over-end mix-
ing with streptavidin-Sepharose beads. The beads were washed three
times with lysis buffer and once with 1� phosphate-buffered saline (PBS).
Protein samples were analyzed on SDS-polyacrylamide gels and trans-
ferred to nitrocellulose membranes for immunoblotting.

Immunoprecipitation. Transfected HEK293 cells were lysed in buffer
containing 1% Triton X-100, 150 mM NaCl, 20 mM Tris (pH 7.5), and
proteinase inhibitor (Roche) for 15 min on ice. Total cell lysates were
clarified by centrifugation for 10 min at 10,000 � g at 4°C. The lysates were
incubated with the indicated antibodies (see Fig. 4D) for 1 h or overnight
at 4°C, and then 20 �l of 50% protein A/G slurry was added. The mixture
was incubated for 30 min at 4°C. The protein A/G-Sepharose beads were
washed three times with lysis buffer and once with 1� PBS. The samples
were boiled and subjected to standard Western blot analysis.

UV CLIP. 3T3-L1 cells (pRetrosuper and Sam68sh cells) were treated
with 4-thiouridine to a final concentration of 100 �M added directly to
the cell culture medium 8 h prior to cross-linking. The cells were washed
with ice-cold PBS and irradiated with 0.15 J/cm2 of 365-nm UV light at
4°C. The cells were collected by centrifugation at 514 � g for 1 min at 4°C.
The cell pellets were resuspended in cross-linking and immunoprecipita-
tion (CLIP) lysis buffer supplemented with protease inhibitors (Roche)
and 0.5 U/�l RNasin (Promega) and sonicated twice with 10-s bursts (30).
The lysates were mixed with 10 �l of a 1:250 dilution of RNase I (Life
Technologies) and 2 �l of Turbo DNase (Life Technologies) with shaking
at 37°C for 3 min. The lysates were then cleared and immunoprecipitated
with 2 �g of anti-Sam68 or anti-SRSF1 antibody and control mouse/
rabbit IgGs (Santa Cruz). Proteinase K buffer (containing 1.2 mg/ml pro-
teinase K) was added to the immunoprecipitates and incubated for 20 min
at 37°C. RNA was isolated through TRIzol reagent and subjected to RT-
qPCR. The reverse primers listed below were used for the reverse tran-
scription reaction. qPCR was performed with the following primers for
Rps6kb1: intron 6 SBS, 5=-GAT TCA GGT CAT GAT TCA TG-3= (for-
ward) and 5=-CAG TGG GAA GGT GGT TTT GC-3= (reverse); exon 6
(SRSF1 site), 5=-GAG GAG AAC TAT TTA TGC AG-3= (forward) and
5=-GAA TAT TCC CTC TCT TTC TAA-3= (reverse); exon 7, 5=-TTT ACT
TGG CTG AAA TCT CC-3= (forward) and 5=-CTT GGT GAT TAA GCA
TGA TG-3= (reverse).

RESULTS
Sam68 regulates the alternative splicing of Rps6kb1 in preadi-
pocytes and mouse white adipose tissue (WAT). Sam68-defi-
cient preadipocytes are unable to differentiate into mature adi-
pocytes (16). We reported that Sam68-deficient preadipocytes
have decreased mTOR expression as they increase the production

of a short mTORi5 isoform rather than synthesizing the full-length
mTOR mRNA (16). The Sam68-deficient preadipocyte defect is
partially rescued by the ectopic expression of the full-length
mTOR expression, suggesting that there may be other splicing
events regulated by Sam68 in the mTOR signaling pathway. To
identify these alternative splicing events that contribute to the
differentiation defects of Sam68-deficient preadipocytes, we mon-
itored the presence of spliced isoforms in the mTOR signaling
pathway. Using the Ensembl database, we identified the existence
of spliced isoforms for the murine Rps6kb1, TSC1, Rheb, Akt1, and
Deptor genes but not for IRS1, TSC2, 4EBP1, or eIF4E. Among the
candidate isoforms tested, we observed that the mRNA levels of
isoform Rps6kb1-002 were dramatically increased in Sam68-defi-
cient cells (Sam68sh) (Fig. 1A) compared to levels in control pRet-
rosuper 3T3-L1 cells (Fig. 1B). We also noted a slight to moderate
upregulation of isoforms TSC1-003, Rheb-003, Akt1-003, and
Rps6kb1-005 in Sam68sh 3T3-L1 cells, and we did not observe
significant fluctuations with the following isoforms in Sam68sh
3T3-L1 cells: TSC1-006, Rheb-002, and Deptor-002 (see Fig. S1 in
the supplemental material).

We next examined the levels of isoform Rps6kb1-002 in white
adipose tissue (WAT) of wild-type and Sam68 null mice. The level
of Rps6kb1-002 was more abundant in white adipose tissue of
Sam68 deficient mice than in the tissue of the littermate control
mice (Fig. 1C). The increase in the mRNA ratio of Rps6kb1-002 to
Rps6kb1 was also confirmed by RT-qPCR in Sam68-deficient
preadipocytes and WAT isolated from Sam68 null mice (Fig. 1D).
Thus, the loss of Sam68 promotes the production of splicing vari-
ant Rps6kb1-002.

Sam68 deficiency increases the expression of p31S6K1.
Rps6kb1 encodes p85/p70 S6K1, and the inclusion of alternative
exons 6a, 6b, and 6c leads to the generation of the Rps6kb1-002
isoform (Fig. 1E). The Rps6kb1 transcript generates two proteins
due to alternative mRNA translation start sites resulting in
p70S6K1 and p85S6K1, whereas the shorter Rps6kb1-002 isoform
harbors only the first six exons with alternative exons 6a, 6b, and
6c; and its alternative splicing was shown to be positively regulated
by SRSF1 (31). The presence of a stop codon in exon 6c generates
a truncated protein of 31 kDa, termed p31 or p31S6K1, that ex-
presses the S6K1 N-terminal domain followed by a truncated ki-
nase domain. The increase of Rps6kb1-002 mRNA was reflected at
the protein level since we observed the presence of p31S6K1, as
well as p70S6K1, in Sam68-deficient preadipocytes by immuno-
blotting with an N-terminal S6K1 antibody (BD Transduction
Lab, Inc.) (Fig. 2A). We observed similar results in mouse WAT
isolated from Sam68�/� mice using a different anti-S6K1 anti-
body (Cell Signaling, Inc.) that detects p31S6K1 in addition to
p70S6K1 and p85S6K1 (Fig. 2B). As SRSF1 is a known regulator of
p31S6K1 (31) and as Sam68 has been shown to regulate the alter-
native splicing of Srsf1 associated with nonsense-mediated decay
(9), we performed immunoblotting to examine SRSF1 levels in the
absence of Sam68. The depletion of Sam68 in preadipocytes or
Sam68-deficient WAT did not affect the SRSF1 protein levels (Fig.
2A and B). These findings show that Sam68-deficient preadi-
pocytes have increased p31S6K1 expression using two different
N-terminal S6K1 antibodies with little to no effect on the global
expression of p70S6K1, p85S6K1, and SRSF1.

Sam68 binds an RNA element within intron 6 that dimin-
ishes SRSF1 binding to Rps6kb1 exon 6. Sam68 binds RNA with
U(U/A)AA motifs with high affinity (3, 4). Sam68 binding sites
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(SBSs) often reside near splice sites within pre-mRNAs, acting
either as splice enhancers or silencers to regulate neighboring
splice site usage (1). Since the absence of Sam68 increases the
splicing of Rps6kb1-002, we searched intron 6 for repeats of the
U(U/A)AA motif. The Rps6kb1 gene sequence is shown in Fig. 3A
with the Rps6kb1-002 alternative exons in blue. We identified a

putative Sam68 binding site within Rps6kb1 intron 6 with an en-
coded sequence of 5=-UAAUUAAA-3=, termed the SBS, 68 nucle-
otides downstream of a putative SRSF1 binding site in exon 6 (Fig.
3A). To determine whether Sam68 binds the SBS sequence, we
synthesized a biotinylated RNA of the SBS, as well as a biotinylated
control RNA (SBSmut) that has the 5=-UAAUUAAA-3= sequence

FIG 1 Sam68 regulates the alternative splicing of Rps6kb1 in mouse preadipocytes and WAT. (A) Mouse 3T3-L1 preadipocytes stably transfected with
pRetrosuper or Sam68sh pRetrosuper were lysed and immunoblotted with anti-Sam68 and anti-�-tubulin antibodies. The molecular mass markers are shown
on the left in kilodaltons. (B and C) Total RNA from undifferentiated pRetrosuper and Sam68sh 3T3-L1 cells and mouse WAT was isolated and analyzed using
a three-primer RT-PCR strategy with a common forward primer in exon 5 and reverse primers in exons 6 and 6b. The DNA markers are shown on the left in base
pairs. (D) Total RNA from pRetrosuper and Sam68sh 3T3-L1 cells and mouse WAT was isolated and subjected to RT-qPCR. The presence of Rps6kb1-002 is
expressed as a ratio of total Rps6kb1 transcripts. Error bars represent standard deviations of the means (**, P � 0.01). (E) Schematic representation of Rps6kb1
gene, the wild-type isoform Rps6kb1, and alternative spliced isoform Rps6kb1-002. Constitutive exons are shown as black boxes, and alternative exons are shown
in blue. Introns are shown as horizontal lines, and splicing events are indicated by angled lines. The 3= UTRs are shown as gray boxes.
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replaced with 5=-UAAUUCCA-3= (substitutions are underlined)
(Fig. 3B). The RNA oligonucleotides harboring either a wild-type
or mutated SBS were used to perform affinity pulldown assays.
Cell lysates from undifferentiated wild-type 3T3-L1 cells were in-
cubated with the biotinylated RNAs, and complexes were purified
with streptavidin-Sepharose beads. The bound proteins were sep-
arated by SDS-PAGE and immunoblotted for Sam68. Wild-type
SBS bound Sam68 with a much higher affinity than the mutated
SBS, as assessed by increasing the concentration of salt in the wash
buffer (Fig. 3B). These findings show that Sam68 associates in vitro
with RNA sequences within intron 6 of the Rps6kb1 pre-mRNA.

We next examined whether endogenous Sam68 bound the in-
tron 6 SBS in vivo using UV cross-linking and immunoprecipita-
tion (CLIP) with a dilution of RNase I (1:250) that digests RNAs
into fragments of 50 to 300 nucleotides in length (30). Preadi-
pocytes (pRetrosuper and Sam68sh cells) were prepared for CLIP,
as described in Materials and Methods, and immunoprecipitated
with either control immunoglobulin G (IgG), anti-Sam68 anti-
bodies, or anti-SRSF1 antibodies. The putative binding sites were
mapped by using the primers indicated in Fig. 4A. Anti-Sam68
immunoprecipitations compared to those with IgG were enriched
	25-fold for the Rps6kb1 intron 6 region spanning the SBS but
not for an RNA region spanning Rps6kb1 exon 7 in pRetrosuper
3T3-L1 cells (Fig. 4B). In contrast, there was no RNA enrich-
ment detected in anti-Sam68 immunoprecipitations in Sam68sh

3T3-L1 cells, as expected (Fig. 4B). These findings suggest that
Sam68 associates in vivo with the SBS site of the Rps6kb1 intron 6.
CLIP with anti-SRSF1 antibodies revealed a modest 2-fold enrich-
ment of the Rps6kb1 exon 6 fragment encompassing the putative
SRSF1 binding site over levels in control in pRetrosuper 3T3-L1
cells (Fig. 4C). Interestingly, cells depleted of Sam68 contained an
	6-fold increase in SRSF1 at this site (Fig. 4C), suggesting that
Sam68 occupancy at the SBS prevents SRSF1 binding to exon 6.
Taken together, these data suggest that Sam68 directly associates
with the SBS and that the presence of Sam68 influences SRSF1
binding to exon 6.

Sam68 and SRSF1 are known to interact as endogenous Sam68
immunoprecipitations contain SRSF1, as detected by mass spec-
trometry analysis (32). To confirm the interaction, HEK293 cells
were cotransfected with GFP-Sam68 and GFP-SRSF1. The cells
were lysed and immunoprecipitated with control IgG or anti-
SRSF1 antibodies. The bound proteins were separated by SDS-
PAGE and immunoblotted with anti-Sam68 antibodies. Both
GFP-Sam68 and endogenous Sam68 coimmunoprecipitated with
SRSF1 but not with control IgG (Fig. 4D, upper panel). Immuno-
blotting with anti-SRSF1 antibodies confirmed that GFP-SRSF1
and endogenous SRSF1 were immunoprecipitated (Fig. 4D, lower
panel). These data confirm that Sam68 interacts with SRSF1.

Minigene assays indicate that Sam68 suppresses the alterna-
tive splicing of Rps6kb1-002. A splicing minigene was con-
structed with a cytomegalovirus (CMV) promoter driving the ex-
pression of a 1.6-kb genomic fragment encompassing Rps6kb1
exon 6, intron 6, and exon 7 (Fig. 5A). The minigene transcription
start site was located in the plasmid upstream of Rps6kb1 exon 6,
followed by the sequence of a FLAG epitope tag. A forward primer
complementary to the FLAG cDNA sequence (F1) and reverse
primers in exons 6c (R1), exon 6a (R3), and 7 (R2 and R4) recog-
nize fragments corresponding to Rps6kb1-002 and Rps6kb1, re-
spectively. pRetrosuper and Sam68sh 3T3-L1 cells were trans-
fected with either pcDNA3.1, the wild-type Rps6kb1, or the SBS
mutated (SBSmut) minigene. Total RNA was isolated 48 h after
transfection, treated with RQ1 DNase, and monitored for
Rps6kb1-002 and Rps6kb1 transcripts using three-primer RT-PCR
(Fig. 5B) and RT-qPCR (Fig. 5C). There was little expression of
the Rps6kb1-002 fragment from the wild-type minigene in
pRetrosuper cells (Fig. 5B, lane 2); however, the presence of the
Rps6kb1-002 transcript increased (	6- to 8-fold) when the SBS
was mutated or when Sam68 was ablated in the cells (Fig. 5B,
lanes 3 and 5, and C). Interestingly, the deletion of the SBS in
addition to the ablation of Sam68 in 3T3-L1 cells led to an
	40-fold increase in the Rps6kb1-002 transcript (Fig. 5B, lane
6, and C). These findings show that Sam68 and the SBS nega-
tively regulate Rps6kb1-002.

We next overexpressed Sam68 to examine its influence on the
wild-type and SBSmut Rps6kb1 minigenes. The expression of
GFP-Sam68 in HEK293 cells was confirmed by immunoblotting
(Fig. 5D). Mutation of the SBS led to an increase in Rps6kb1-002 in
control pcDNA3.1-transfected cells (Fig. 5E). However, the ex-
pression of GFP-Sam68 completely quenched the expression of
Rps6kb1-002 production from both minigenes (Fig. 5E). These
findings suggest that Sam68 is a potent repressor of Rps6kb1-002
and also has SBS-independent functions.

Sam68 counteracts the positive effects of SRSF1 for Rps6kb1-
002 expression. We next confirmed that SRSF1 was responsible
for regulating the p31S6K1 levels in Sam68sh 3T3-L1 cells. Deple-

FIG 2 Sam68 regulates the expression of p31S6K1 but not that of SRSF1 in
preadipocytes and WAT. Protein extracts from pRetrosuper and Sam68sh
3T3-L1 cells or from mouse WAT were immunoblotted with anti-S6K1 anti-
bodies from BD Transduction Labs (A) or Cell Signaling, Inc. (B). Anti-Sam68
and anti-�-tubulin antibodies were used to monitor the levels of Sam68 and
�-tubulin, respectively. Molecular mass markers are shown on the left in kilo-
daltons.
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tion of SRSF1 using siRNA reduced the levels of p31S6K1 protein
(Fig. 6A) and decreased Rps6kb1-002 mRNA in Sam68sh but not
pRetrosuper 3T3-L1 cells, as assessed by RT-qPCR (Fig. 6B).
These findings confirm that SRSF1 is required for the production
of Rps6kb1-002 in adipocytes.

To examine the influence of SRSF1 and Sam68 on the alterna-
tive splicing of Rps6kb1, we transfected the Rps6kb1 minigenes in
HEK293 cells. SRSF1 was efficiently depleted using siRNAs in
these cells (Fig. 7A). The presence of the Rps6kb1-002 isoform was
increased with the mutation of the SBS in siGFP-transfected but
not siSRSF1-transfected HEK293 cells (Fig. 7B). These findings
suggest that SRSF1 is a positive regulator of Rps6kb1-002. We next
cotransfected GFP-SRSF1 and GFP-Sam68 in HEK293 cells and
assayed for the presence of the Rps6kb1-002 transcript generated
from the wild-type Rps6kb1 minigene (Fig. 7C and D). GFP-
SRSF1 increased the appearance of Rps6kb1-002 in a dose-depen-
dent manner (Fig. 7D), and this increase was attenuated with the
overexpression of GFP-Sam68 (Fig. 7D, lanes 5 to 8). These data
show that Sam68 counteracts the positive effects of SRSF1 in reg-
ulating the production of Rps6kb1-002.

The ectopic expression of p31S6K1 suppresses adipogenesis.
The direct role of Rps6kb1-002 in adipogenesis was investigated.
Preadipocytes were stably transfected with pcDNA3.1 (control) or
an expression vector encoding FLAG-p31S6K1. Two stable clones

(FLAG-p31 clones 3 and 10) ectopically expressing p31S6K1 were
selected (Fig. 8A), and their expression was comparable to levels
observed in Sam68-deficient cells (data not shown). p31S6K1-
expressing cells were monitored for lipid accumulation following
differentiation for 4 days. We observed a notable decrease of lipid
accumulation in both p31S6K1-overexpressing 3T3-L1 cell lines
compared to levels in control cells, as visualized by Oil Red O
staining (Fig. 8B). We subsequently examined the expression pat-
tern of adipose-specific markers at differentiation day 0 and day 4
(Fig. 8C). The mRNA levels of PPAR�, C/EBP�, and GLUT4 were
increased dramatically in control cells (pcDNA3.1) upon differ-
entiation, as expected, while in clones 3 and 10, the expression of
these markers was largely absent after differentiation day 4 (Fig.
8C). These results show that p31S6K1 is a repressor of adipogen-
esis.

Depletion of p31S6K1 in Sam68-deficient preadipocytes par-
tially rescues the adipogenesis defect. We examined whether the
elevated level of p31S6K1 is a contributing factor for the adipo-
genesis defect of Sam68-deficient 3T3-L1 cells. To test this possi-
bility, we decreased the expression of p31S6K1 using siRNA spe-
cific to this isoform. pRetrosuper and Sam68sh 3T3-L1 cells were
transfected with either siGFP or two different p31S6K1 siRNAs,
designated sip31-A and sip31-B. The elevated expression of
p31S6K1 in Sam68sh 3T3-L1 cells was depleted in sip31-A- and

FIG 3 Sam68 associates in vitro with RNA elements in Rps6kb1 intron 6. (A) Sequence spanning mouse Rps6kb1 exon 6, intron 6, which contains the three
alternative exons (6a, 6b, and 6c) and exon 7, taken from the Ensembl browser. Underlined sequences represent the Sam68 binding site (SBS) within intron 6 and
the SRSF1 binding site in exon 6. (B) The sequences of intron 6 and SBS and of the mutated version (SBSmut) of the synthetic RNAs generated. Affinity pulldown
assays were performed with biotinylated RNA and streptavidin beads using 3T3-L1 cells and immunoblotted with anti-Sam68 antibodies. TCL, total cell lysate.
A molecular mass marker is shown on the left.
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sip31-B-transfected cells (Fig. 9A). Sam68sh 3T3-L1 cells exhib-
ited reduced adipogenesis compared to levels in pRetrosuper cells,
as previously reported (16), and the presence of transfected siGFP
had no influence on adipogenesis as visualized by Oil Red O stain-
ing (Fig. 9B). The transfection of p31S6K1 siRNA increased lipid
accumulation in Sam68-deficient cells, suggesting that the loss of
p31S6K1 expression partially rescues the adipogenesis defect ob-
served in Sam68sh cells (Fig. 9B, compare staining of siGFP with
that of sip31-A and sip31-B). We also examined the expression
pattern of adipose-specific markers at differentiation days 0 and 4
of 3T3-L1 cells. The mRNA levels of PPAR�, C/EBP�, and GLUT4
were increased in pRetrosuper cells upon differentiation, as ex-
pected (Fig. 9C). Strikingly, the attenuated expression of differen-
tiation markers (PPAR�, C/EBP�, and GLUT4) in Sam68sh cells

was partially derepressed with the depletion of p31S6K1 (Fig. 9C).
These results indicate that expression of p31S6K1 represses adipo-
genesis and is a contributing factor for the observed defects in
Sam68-deficient preadipocytes.

To answer the question of whether there was a specific change
in the levels of the Rps6kb1-002 isoform or just a general change in
the expression levels of the whole gene (including both isoforms)
that contributes to adipogenesis, we abrogated total S6K1 expres-
sion using siRNAs. pRetrosuper 3T3-L1 cells were transfected
with either siGFP or siRNA targeting both p70/p31 S6K1 isoforms
(Fig. 10A). Deletion of total S6K1 in pRetrosuper 3T3-L1 cells had
no influence on adipogenesis as cells differentiated normally (Fig.
10B) and expressed high levels of PPAR�, C/EBP�, and GLUT4 at
day 4 of differentiation (Fig. 10C). Since p31S6K1 is absent in

FIG 4 Sam68 binds an intronic SBS and prevents the binding of SRSF1 to its consensus site in Rps6kb1 exon 6. (A) Schematic of the genomic architecture of
Rps6kb1 spanning exons 6 and 7 with three alternative exons located in intron 6. Arrows depict the primer pairs used in RT-qPCR to detect the RNA-bound
Sam68 binding site (SBS), the exon 6 SRSF1 binding site, and exon 7 as a negative control. (B and C) CLIP assays were performed using anti-Sam68 antibodies
and anti-SRSF1 antibodies or control IgGs. Bound RNA was analyzed in triplicate by RT-qPCR with the primers shown in panel A. The levels of bound RNA of
the SBS, SRSF1 binding site, and exon 7 in immunoprecipitates were normalized to the levels of the total RNA in the input. Mean values are expressed as fold
enrichment. Error bars represent standard deviations of the means (*, P � 0.05). (D) HEK293 cells were transfected with expression vectors encoding
GFP-Sam68 and GFP-SRSF1. After 48 h, the cells were lysed and subjected to immunoprecipitation (IP) and immunoblotting. The migration of GFP-Sam68,
Sam68, GFP-SRSF1, SRSF1, and the heavy chain (HC) and light chains (LC) of IgG is indicated. TCL, total cell lysate. Molecular mass markers are shown on the
left in kilodaltons.
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FIG 5 Rps6kb1 minigene assay defines intron 6 as the minimal requirement. (A) Mouse genomic fragment encompassing Rps6kb1 exons 6 and 7 was cloned in
pcDNA3.1 with an N-terminal FLAG epitope tag. The SBS is shown in the proximity of the 5= splice site within intron 6. The same mouse genomic fragment
containing CC replacing AA in the Sam68 binding site was also constructed in pcDNA3.1 with an N-terminal FLAG epitope tag. The splicing of the wild-type
Rps6kb1 and SBSmut Rps6kb1 minigenes leads to two different transcripts. Arrows indicate the primers used in the minigene assay. (B and C) pRetrosuper and
Sam68sh 3T3-L1 cells were transfected with either pcDNA3.1 alone, Rps6kb1 (WT), or the Rps6kb1 (SBSmut) minigene. Total RNA was isolated and digested
with RQ1 DNase, and the levels of Rps6kb1-002 and Rps6kb1 transcripts were assessed by semiquantitative RT-PCR using primer F1 with R1 and R2 (B) or by
RT-qPCR using F1 with R3 and R4 (C). In panel B the mRNA levels of Sam68 and GAPDH were also assessed. Error bars represent standard deviations of the
means (**, P � 0.01). (D) HEK293 cells were cotransfected with either pcDNA3.1 or GFP-Sam68 alone with the Rps6kb1 minigene or Rps6kb1 minigene SBSmut.
The cells were harvested after 48 h, and the cellular extracts were immunoblotted with anti-GFP, anti-Sam68, and anti-�-actin antibodies. The asterisk denotes
a nonspecific protein recognized with anti-GFP antibodies. (E) The total RNA from the cells indicated in panel D was isolated and treated with RQ1 DNase, and
the mRNA levels of Rps6kb1 and Rps6kb1-002 were assessed by RT-qPCR. The mRNA expression level of Rps6kb1-002 was normalized to Rps6kb1 levels. Error
bars represent standard deviations of the means (*, P � 0.05; n.s., not significant).

Sam68 Prevents the Alternative Splicing of Rps6kb1-002

June 2015 Volume 35 Number 11 mcb.asm.org 1933Molecular and Cellular Biology

http://mcb.asm.org


pRetrosuper cells, these findings demonstrate that deletion of
p70S6K1 alone does not affect 3T3-L1 differentiation, as reported
previously (27). Next, we examined whether Sam68sh 3T3-L1
cells were partially rescued with siRNAs targeting p70/p31S6K1,
and indeed this was the case (Fig. 10B and C). The partial dere-
pression we observed was similar to decreasing the levels of
p31S6K1 alone (compare Fig. 9 and 10). These observations indi-
cate that p31S6K1 inhibits adipogenesis independent of the
p70S6K1 isoform.

DISCUSSION

Alternative splicing leads to the generation of key isoforms re-
quired for cellular differentiation and proliferation (33). In the
present manuscript, we report that the Sam68 RNA binding pro-
tein exerts a suppressive effect on the alternative splicing of the
ribosomal S6 kinase gene (Rps6kb1) in adipocytes. Consequently,
Sam68-depleted 3T3-L1 preadipocytes harbor elevated levels of
the short isoform 2 of S6K1 (Rps6kb1-002) and its encoded pro-
tein p31S6K1. Mechanistically, Sam68 binds an RNA element
(Sam68 binding site, SBS) in intron 6 near the 5= splice site and
prevents the usage of alternative exons 6a, 6b, and 6c that generate
Rps6kb1-002 by counteracting the positive effects of the serine/
arginine-rich splicing factor 1 (SRSF1) that binds within exon 6.
The ectopic expression of p31S6K1 in wild-type preadipocytes
inhibited adipogenesis, and the depletion of p31S6K1 using two
separate siRNAs partially restored the adipogenesis defects in
Sam68-deficient preadipocytes. These findings demonstrate that
the expression of Sam68 in adipocytes is required to prevent the
expression of the short isoform 2 of S6K1, a potent suppressor of
adipogenesis.

We identified an A/U-rich intronic sequence bound by Sam68,
46 nucleotides downstream of the 5= splice site of Rps6kb1 exon 6.
Deletion of this element promoted the skipping of Rps6kb1 exons
6a, 6b, and 6c, thus preventing the expression of Rps6kb1-002.
Sam68 is an established regulator of alternative splicing, and it is
known to function by directly associating with A/U-rich elements
near 5= splice sites (5, 10, 12, 16). The Rps6kb1 intron 6 UAAU

UAAA bipartite sequence is recognized by Sam68 with relatively
high affinity. Mutation of the SBS to UAAUUCCA (mutated res-
idues underlined) diminished Sam68 association with this RNA
sequence. By performing CLIP assays, we confirmed that Sam68
localizes directly at the SBS in vivo as anti-Sam68 immunoprecipi-
tations enriched the SBS RNA sequence 25-fold over levels of con-
trol immunoprecipitations (Fig. 4B). The presence of Sam68 sup-
pressed the positive effects of SRSF1 on the production of
Rps6kb1-002, as measured using a minigene. SRSF1 is a known
positive regulator of Rps6kb1-002 (31), but its Rps6kb1 binding
site(s) and how it regulates the production of Rps6kb1-002 re-
mained unknown. We show that SRSF1 displayed reduced bind-
ing to its Rps6kb1 exon 6 GAAAGAGAGGGAA site in the presence
of Sam68 by CLIP assays. Using the Rps6kb1 minigene, mutation
of the SBS increased Rps6kb1-002 production, and the increase
was observed in the presence or absence of Sam68 (knockdown
cells), suggesting that the SBS also has Sam68-independent func-
tions. It is possible that the residual Sam68 levels in the knock-
down cells play this role or that the SBS is scavenged by other
A/U-rich RNA binding repressors in the absence of Sam68. Alter-
natively, the SBS may regulate local RNA secondary structure that
influences Rps6kb1-002 alternative splicing by SRSF1.

Several possible mechanisms have been proposed to explain
how RNA binding proteins suppress neighboring SR proteins
(33–35). Sam68 could compete directly with SRSF1 for the splic-
ing machinery for intron 6 definition. Sam68 may also alter the
neighboring RNA secondary structure and/or the rate of tran-
scription, as proposed by Batsche and coworkers (36). The rate of
transcription may influence the binding of SRSF1, thus influenc-
ing exon selection (33–35).

We show that Rps6kb1-002 and its encoded protein,
p31S6K1, are present in Sam68-depleted preadipocytes and
mouse white adipose tissue of Sam68 null mice. Sam68 protein
expression increases during adipogenesis (16), and its role may
be, in part, to ensure the suppression of Rps6kb1-002. Using an
anti-S6K1 antibody that recognizes all the isoforms sharing the
common N terminus, we observed that Sam68 deficiency leads

FIG 6 The presence of the Rps6kb1-002 isoform in Sam68-depleted preadipocytes requires SRSF1. (A) pRetrosuper or Sam68sh 3T3-L1 cells were transfected
with siGFP or siSRSF1. The protein extracts were prepared 48 h after and immunoblotted with the indicated antibodies. �-Actin is shown as the loading control.
Molecular mass markers are shown on the left in kilodaltons. (B) The total RNA was isolated from pRetrosuper or Sam68sh 3T3-L1 cells transfected with siGFP
or siSRSF1. The mRNA levels of Rps6kb1-002 were assessed by RT-qPCR and normalized to the level of 18S rRNA. Error bars represent standard deviations of
the means (**, P � 0.01).
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to increased p31S6K1 expression, without the apparent reduc-
tion in p70S6K1 and p85S6K1 expression. The latter is proba-
bly due to the fact that p70/p85 S6K1 are considerably more
abundant than p31S6K1 (31). The cellular role of p31S6K1 is
unknown; however, it does have oncogenic properties. The ex-
pression of p31S6K1 is sufficient to induce transformation in

NIH 3T3 cells (31). Unlike mice, which express only one short
isoform, humans generate two short isoforms (h6A and h6C)
of S6K1, and their expression is elevated in breast cancer cell
lines (37). Depletion of these isoforms in breast cancer cell lines
decreases their proliferation (37). These short isoforms lack
kinase activity because their kinase domains are truncated;

FIG 7 Sam68 competes with SRSF1 for the positive regulation of Rps6kb1 splicing. (A) HEK293 cells were transfected with siRNAs targeting either GFP or
human SRSF1. After 24 h, cells were transfected with either pcDNA3.1, the Rps6kb1 wild-type minigene plasmid, or the Rps6kb1 SBSmut minigene plasmid. The
cells were harvested after 48 h. Protein extracts were immunoblotted with the indicated antibodies. �-Actin is shown as the loading control, and the asterisk
denotes an unknown protein. Molecular mass markers are shown on the left in kilodaltons. (B) Total RNA was isolated and treated with RQ1 DNase, and the
mRNA levels of Rps6kb1 and Rps6kb1-002 were assessed by RT-PCR using the primer pairs indicated in Fig. 5A. Densitometry analysis was performed from two
independent experiments, and fold induction of Rps6kb1-002 was normalized to the level of Rps6kb1. Error bars represent standard deviations of the means (*,
P � 0.05; n.s., not significant). (C) HEK293 cells were cotransfected with either the Rps6kb1 minigene plasmid alone or with GFP-Sam68 or with increasing
amounts of GFP-SRSF1. The cells were harvested after 48 h. The protein extracts were immunoblotted with the indicated antibodies. �-Actin is shown as the
loading control. (D) Total RNA was isolated and treated with RQ1 DNase, and the mRNA levels of Rps6kb1 and Rps6kb1-002 were assessed by RT-PCR.
Densitometry analysis was performed from two independent experiments, and fold induction of Rps6kb1-002 was normalized to the level of Rps6kb1. Error bars
represent standard deviations of the means.
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however, they retain the ability to bind mTORC1 as they con-
tain the Raptor binding motif (38). p31S6K1 has been shown to
associate with mTOR and increase its activity (37); however,
this activity in Sam68-deficient preadipocytes is difficult to as-
sess since these cells have reduced mTOR levels (16). Indeed,
Sam68-deficient preadipocytes exhibit decreased phosphoryla-
tion of rpS6 and AKT during adipogenesis (16). p31S6K1 has
also been shown to be nuclear, unlike p85S6K1 and p70S6K1
(39); therefore, it may also fulfill other functions.

S6K1�/� mice have decreased adipose tissue mass, increased
energy expenditure, and are resistant to dietary-induced obesity (40).
S6K1 participates in the upregulation of transcription factors during

the commitment phase of adipogenesis (27). Adipocytes normally
express p70/p85S6K1 but not p31S6K1 (Fig. 2). The expression of
p31S6K1 in 3T3-L1 cells prevented adipogenesis. Depletion of both
p70S6K1 and p31S6K1 rescued the adipogenesis defects of Sam68-
deficient cells to a similar extent as depletion of p31S6K1 alone, indi-
cating that the negative effects of p31S6K1 in adipogenesis are inde-
pendent of p70S6K1. Therefore, p31S6K1 contributes to the Sam68
deficiency-induced adipogenesis defects observed.

Sam68 likely regulates many alternative spliced events that
contribute to the observed lean phenotype of Sam68-deficient
mice (16). Sam68 regulates the splicing of Bcl-x (8), as well as
mTOR, tripeptidyl peptidase II (Tpp2), and Tubby (Tub) (16).

FIG 8 Ectopic expression of p31S6K1 suppresses adipogenesis. (A) 3T3-L1 cells were stably transfected with pcDNA3.1 or FLAG-p31S6K1. A polyclonal
population of pcDNA3.1 and two individual clones (FLAG-p31 3 and FLAG-p31 10) was selected for analysis by immunoblotting using the indicated
antibodies. �-Tubulin is shown as the loading control. Molecular mass markers are shown on the left in kilodaltons. (B) The cells indicated in panel A were
induced to differentiate for 4 days. Adipocyte differentiation was assessed by Oil Red O staining. (C) The mRNA levels of PPAR�, C/EBP�, and GLUT4
normalized to 18S rRNA were assessed by RT-qPCR. The data are expressed as relative values from differentiation days 0 and 4. Error bars represent
standard deviations of the means.
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Sam68 has also been shown to regulate the alternative splicing of
the Srsf1 transcript in colon cancer cells to influence the epithelial-
to-mesenchymal transition (9). Indeed, we also detected an in-
crease in the Srsf1 NMD transcript in 3T3-L1 cells (data not
shown), but this did not affect SRSF1 protein levels.

In conclusion, we show that the alternative splicing of the
mouse Rps6kb1 gene is negatively regulated by Sam68 as it
antagonizes the positive effects of SRSF1. We also show that the
short isoform of Rps6kb1, namely, p31S6K1, is a potent repres-
sor of adipogenesis, and its presence in Sam68-deficient prea-

FIG 9 The expression of p31S6K1 contributes to the adipogenesis defects of Sam68-deficient mouse preadipocytes. (A) pRetrosuper or Sam68sh 3T3-L1
cells were transfected with siGFP (control), sip31-A, and sip31-B. The protein extracts were immunoblotted with the indicated antibodies. �-Tubulin is
shown as the loading control. Molecular mass markers are shown on the left in kilodaltons. (B) The cells indicated in panel A were induced to differentiate
for 4 days. Adipocyte differentiation was assessed by Oil Red O staining. (C) The mRNA levels of PPAR�, C/EBP�, and GLUT4 normalized to GAPDH
were assessed by RT-qPCR. The data are expressed as relative values from differentiation days 0 and 4. Error bars represent standard deviations of the
means (*, P � 0.05).
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dipocytes contributes to the adipogenesis defects observed in
these cells.
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